Long-term discharge of turbid water from reservoirs after flood events is a major socioenvironmental problem in many countries, including Korea. This study used a suite of mathematical models to simulate the fate of turbidity flows in the Soyanggang Reservoir in Korea, an important source of drinking water for the Seoul Capital Area, in response to extreme floods based on the Representative Concentration Pathway 4.5 climate scenario. It evaluated the effectiveness of the selective withdrawal facility (SWF), installed recently in the Soyanggang Reservoir to control persistent turbidity. Extreme floods with a maximum daily inflow rate greater than the historical maximum observed in 2006 were projected to occur four times in this century. The fate and transport of turbidity flows were highly influenced by both the thermal stability of the reservoir and the season in which the flood event occurred. Thus, SWF operations should consider the timing of extreme events (i.e., the imminence of the autumn turnover) to mitigate the impact of high turbidity on the water supply and downstream ecosystem. It was found to be ineffective under extreme events if these occurred in two consecutive years. Current reservoir operations, which rely heavily on the SWF, are likely to be inadequate to overcome the negative effects of extreme-turbidity events on reliably providing safe water supplies. Coping with the worst event expected to occur in the future would require additional countermeasures such as bypassing high-turbidity water.
Introduction
Persistent turbidity (PT), defined as turbidity > 10 nephelometric turbidity units (NTU) in water after 8.5 h of settling under natural gravity (Sobieszczyk et al. 2007 ), has negative effects on aquatic ecosystem health and water use (Henley et al. 2000; Davies-Colley and Smith 2001; Umeda et al. 2006; Chung et al. 2009 ). Turbid water that flows into a stratified reservoir after a large flood event can induce a prolonged discharge of high-turbidity water downstream, which could increase water treatment costs and degrade river amenities (Chung et al. 2009 ). Suspended inorganic and organic substances contained in high-turbidity water cause light to be scattered and absorbed, resulting in reduction of light penetration into the water column and decreased primary productivity by phytoplankton (Achete et al. 2017) . Sustained high turbidity might limit fish growth through gill clogging, interruptions in osmoregulation, and reduced immunity, leading to decreases in population (Quinn et al. 1992; Korea Environment Institute 2005) .
The problem of PT might become aggravated should the frequency and intensity of flood events increase with climate change (Samal et al. 2013) . Extreme flood events can have severe impacts on the PT of large dam reservoirs. The Intergovernmental Panel on Climate Change (IPCC) has defined extreme events as statistically rare climatic incidents (IPCC 2012) . Accordingly, in this study, extreme flood events are defined as the largest flood events known to have occurred in a watershed; thus, notable future flood events are considered comparable to historical flood events. The IPCC (2012) declared that the frequency and intensity of extreme climate events are increasing. Research by Monier and Gao (2015) found a recent increase in the frequency of extreme precipitation events over most of the USA. Heightened hydrological extremes could also alter water supply systems Deere et al. 2017; Samal et al. 2017 ), the quality of drinking water (Khan et al. 2015) , and riverine ecosystems (Leigh et al. 2015; Samal et al. 2017) . A few studies (e.g., Neff et al. 2000; Bouraoui et al. 2004 : Lee et al. 2015 have reported that soil erosion could intensify in the future because of the increased frequency and intensity of heavy rainfall events. This could exacerbate PT problems in large dam reservoirs that normally reserve turbid water to meet future demand.
In Korea, the frequency and intensity of rainfall events are projected to increase based on the increases in atmospheric temperature that are expected under various climate change scenarios (Bates et al. 2008; Hong et al. 2014; Temba and Chung 2014; Kim et al. 2015) . Temperature and rainfall are known to have the greatest influence on the soil erosion rate (Hong 2007) . Ye (2008) reported that the PT problems in the Daecheong Reservoir, located in the Geum River Basin (Korea), might worsen because of climate change-related increases in the intensity of rainfall in summer and autumn. Lee et al. (2010) expected that the occurrence of high-turbidity events would increase in the Andong and Imha reservoirs, located in the Nakdong River Basin (Korea), because of increased surface runoff in the future. Ahn et al. (2014) reported similar conclusions in relation to the Chungju Reservoir (Korea).
In Summer 2006, high-turbidity water flowed into the Soyanggang Reservoir after an extreme flood event caused by Typhoon Ewiniar, which was the most powerful typhoon recorded in Korea. Subsequently, turbid water was discharged from the reservoir to downstream areas for 8 months. This extreme PT event directly affected the Paldang water treatment system, which is the most important source of drinking water for 25 million people in the Seoul Capital Area. As climate change scenarios have projected future extreme flood events larger than the historical extremes (Kim et al. 2011) , countermeasures to secure water supply systems must be prepared. In July 2017, a selective withdrawal facility (SWF) was installed in the Soyanggang Reservoir to mitigate the negative effects of PT on the downstream water supply system by selecting appropriate withdrawal depths.
Over the recent decades, techniques to control PT in rivers and reservoirs have been advanced by the introduction of real-time turbidity monitoring and modeling systems, together with the development of sensor and computer modeling technologies (Glasgow et al. 2004; Hipsey et al. 2007) . Turbidity monitoring and modeling systems predict the spatiotemporal distribution of turbidity density currents (Chung et al. 2009 ) and provide this information to reservoir managers in a timely manner The SWF is one of the most widely applied structural countermeasures to control offtake water quality in stratified reservoirs (Chung et al. 2009; Yajima et al. 2006; Gelda and Effler 2007) . However, few studies have assessed the effectiveness of SWFs in controlling PT during climate change-related extreme flood events likely to occur in the future.
The objectives of this study were to simulate the impacts of climate change on both the fate and transport of turbidity flow in the Soyanggang Reservoir and to evaluate the effectiveness of the SWF in controlling PT, using a suite of mathematical models and the IPCC's Representative Concentration Pathway (RCP) 4.5 climate scenario. In this study, a reduction in the number of days (NDay) on which the total suspended solid (TSS) concentration in the outflow exceeded the target concentration of 25 mg L −1 was the metric used to measure PT control. The findings of this study can serve as a guide for measures to safeguard both water resources for human consumption in the long term and mitigate damage to downstream aquatic ecosystems.
Methods

Study site
The Soyanggang Reservoir (37°56′ 44″ N, 127°48′ 52″ E), which was impounded after the construction of the Soyanggang Dam in 1973, is located on the North Han River in Korea (Fig. S1 ). The reservoir is used for water supply, flood control, and hydropower generation. The volume of the reservoir is 1900 km 3 , the watershed area is 2703 km 2 , and the annual average precipitation of the region is 1200 mm.
By 2005, the usual period of discharge with a turbidity > 30 NTU was approximately 1-2 months during the flood period, with the highest recorded turbidity of 79 NTU. However, in July 2006, Typhoon Ewiniar brought a week of heavy rainfall (total 480 mm) with a maximum intensity of 88 mm h −1 in the upstream area of the Soyanggang Reservoir; this caused PT until February 2007, with the highest recorded outflow turbidity of 328 NTU. The principal cause of the turbidity was extensive soil loss from arable farms located in the upstream highland area.
Model description
Modeling framework
A suite of mathematical models including watershed, reservoir system, hydrodynamic, and water quality was constructed (Fig. S2 ) and used to simulate rainfall and runoff processes, reservoir operations, and the transport of turbidity currents in the Soyanggang Reservoir. To generate future climate data, this study selected a specific climate scenario (RCP 4.5) and data from 27 general circulation models (GCMs) collected from the Coupled Model Intercomparison Project Phase 5 (CMIP5), and compared the results (Fig. S3) . Among the models, the Hadley Centre HadGEM2-AO model (Baek et al. 2013 ) was selected because it is the standard GCM used by the Korea Meteorological Administration. The projected time series also followed the median of the multi-model band approximately. HadGEM2-AO data were downscaled using an artificial neural network (ANN) model with multiple nonstationary quantile mapping (NSQM) statistical processors and a stochastic typhoon model (STM) (hereafter, ANN-NSQM-STM) (Kang and Moon 2017) to generate daily climate data on the Soyanggang Reservoir watershed. HadGEM2-AO provides long-term projections (mean, maximum, and minimum air temperatures; precipitation; relative humidity; wind vectors) for 2006-2100. The ANN-NSQM-STM was trained with baseline data for the period 1970-2000 and used to downscale the HadGEM2-AO data for the period 2013-2099.
A modified Soil and Water Assessment Tool (SWAT) (Neitsch et al. 2009; Jeong et al. 2010 ) capable of sub-daily simulations was used to simulate hourly reservoir inflow. The model was calibrated using field data collected in 2006; detailed information is given in Han et al. (2017) . The Reservoir System Simulation (HEC-ResSim) software (USACE 2013) was used to simulate dam outflow and reservoir water level changes based on the reservoir operation rules provided by the Korea Water Corporation (K-water). The simulated outflow data were used as the downstream flow boundary conditions in the hydrodynamic and mass transport model CE-QUAL-W2 (W2).
W2 model is a two-dimensional (longitudinal-vertical) hydrodynamic and water quality model for rivers, lakes, and reservoirs (Cole and Scott 2015) . In this study, it was used to simulate the flow field, water temperature, and TSS using meteorological, inflow, and outflow data generated by HadGEM2-AO, SWAT, and HEC-ResSim, respectively. Other input data such as bathymetry, inflow temperature, and suspended solid (SS) concentrations are described below.
Model setup: CE-QUAL-W2
The model domain extended 60 km upstream from the dam site. It was discretized into 500-m sections (138 segments) horizontally and 1-m sections (134 layers) vertically, as shown in Fig. S1 . A finite difference grid was composed to simulate the details of temperature stratifications and turbidity density currents within the reservoir.
The W2 model was calibrated using field data collected in 2006, when the historical extreme flood event occurred. Model parameters such as settling velocity were adjusted manually using a trial-and-error approach to match the simulations with observed data (Table S1 ). The TSS concentrations were classified into three groups based on the distribution of particle sizes (i.e., D10, D50, and D90) obtained from experiment (Samal et al. 2013) . Initial conditions such as water level, temperature, and SS concentration were obtained from K-water. Meteorological data (i.e., air temperature, dew point temperature, wind direction, wind speed, and cloud cover) were obtained from an automatic weather station installed near the dam. Inflow and outflow data were collected from the Korean National Water Resources Management Information System (http://wamis.go.kr/).
Inflow water temperature (WT) data were estimated using a least squares multiple regression equation (Eq. 1) that included flow rate (Q) and air temperature (T air ) as independent variables. Inflow TSS concentration data were estimated using various regression equations (Eqs. 2-4) depending on the magnitude of flow rate (Q). The equations are applicable for a large range of flow rates at the site (S1) because they were derived from the data observed during several flood events, including the historical extreme event that occurred in 2006.
Scenario analysis
The calibrated CE-QUAL-W2 model was used to simulate selected future scenarios that have extreme flood events (2027, 2040, and 2053-2054) . For these simulations, constant initial conditions for water temperature (4°C) and TSS concentration (1.0 mg L −1 ) were used for the entire reservoir, which is a reasonable assumption because it is typically completely mixed on January 1. Scenario analysis was performed to determine the optimal SWF manipulation to control the high-turbidity water when notable extreme flood events are expected. The scenarios were classified as BSelective Clean Water Withdrawal^(SCW) and BUrgent Turbid Water Discharge^(UTD) scenarios. The SCW scenarios were designed to choose the withdrawal depth to mitigate PT downstream, while the UTD scenarios were designed to discharge highturbidity water from the reservoir as soon as possible before the autumn turnover, when the volume ratio of turbid water (TSS > 25 mg L −1 ) to total reservoir storage was > 30%. Under the SCW scenarios, the withdrawal depth was changed according to the vertical profiles of the TSS concentrations in the reservoir. However, under the UTD scenarios, the discharge rate from the specific depth of the maximum TSS concentration was changed. The selective withdrawal layer was chosen according to the operating rules of the SWF (Fig. S4) provided by K-water. When a flood event occurred, the SCW scenarios maintained the withdrawal layer at EL.140 m until the head of turbidity flow reached the dam wall. Subsequently, under scenarios SCW1, SCW2, and SCW3, the withdrawal layer changed to EL.150 m, EL.170 m, and variable depths between EL.150 m and EL.170 m, respectively, according to the TSS profiles (Table S2 ). The UTD scenarios maintained the withdrawal layer at EL.140 m to discharge the high-turbidity water from the reservoir but had different discharge rates that varied from 54 to 216 m 3 s −1 .
Results and discussion
3.1 Application and evaluation of the W2 model using data from the 2006 extreme flood event
The performance of the W2 model in simulating the thermal stratification and turbidity density flow in the reservoir was evaluated using field data collected at R1 (Fig. S1 ) during the extreme flood event in 2006. The observed and simulated reservoir surface elevations are shown in Fig. 1a . The absolute mean error (AME), root-mean-square error (RMSE), and Nash-Sutcliffe model efficiency coefficient (NSE) between the observed and simulated values were 0.03 m, 0.04 m, and 0.99, respectively. These results confirmed that the model is capable of simulating the water mass balance in response to extreme flood events. Figure 1b compares the temporal variations in the observed and simulated TSS concentrations in the discharged water with the target TSS concentration of 25.0 mg L −1 . The average AME, RMSE, and NSE values were 38.8 mg L −1 , 49.1 mg L −1 , and 0.66, respectively. The difference observed when the TSS concentration decreased after reaching the maximum value could be attributable to a limitation in the model whereby the sedimentation mechanism alone is insufficient to simulate the concentration of suspended fine particles ). However, the simulated values reproduced both the TSS trend of the time series and the maximum value of TSS concentration well, validating the applicability of the model (Fig. 1b) .
Simulated and observed profiles of water temperature and TSS concentration at R1 were also compared (Fig. 2) . For the water temperature profiles, the average AME and RMSE were (a) (b) Fig. 1 Comparison of the simulated (line) and observed (dots) a reservoir surface elevations with inflow and outflow rates and b total suspended solid (TSS) concentrations of the discharged water with the inflow rate (lower right y-axis) and TSS concentration (upper right y-axis) 0.72°C (in the range of 0.45-1.15°C) and 0.92°C (with the range of 0.52-1.90°C), respectively. The ability to simulate the thermal stratification of the reservoir accurately is essential to predict the propagation of interflows (Ahlfeld et al. 2003) . In the reservoir studied, the interflow typically propagates in the thermocline, where the penstock inlet is located. Thus, without the SWF, the water released from the dam is directly influenced by the turbidity flow and causes a prolonged discharge of high-turbidity water downstream. The results of the thermal stratification in the reservoir obtained in this study provided the confidence necessary in the predictions of the propagation of interflows. For longitudinal transects of TSS concentration, the ranges of average AME and RMSE were 27.4-86.7 mg L −1 and 34.1-118.7 mg L −1 , respectively. The model captured the depth and thickness of the maximum TSS concentration satisfactorily.
Projection of reservoir inflows with climate change scenario
The temporal variations of simulated daily inflows and the annual maximum daily inflow rates during 2013-2099 are presented in Fig. 3a, b , respectively. The locally weighted scatterplot smoothing lines in the figure show that the general daily inflow pattern is projected to increase over time due to climate change. The average daily inflow during 2013-2040 was 46.59 (± 130.7) m 3 s −1 ; this is projected to increase to 53.74 (± 159.7) m 3 s −1 during 2041-2070 and 52.17 (± 137.2) m 3 s −1 from 2041 to 2070. This is equivalent to a 12.2-15.6% increase in inflow and a 5.0-22.2% increase in its variability. The maximum daily inflow over the same period was 6668 m 3 s −1 . Notable extreme flood events with a maximum daily inflow rate greater than the inflow rate observed in 2006 (4127 m 3 s −1 ) are projected to occur four times: Fig. 3b . These extreme flood events generally appeared between the end of August and the middle of September because the fate of turbidity flows in a stratified reservoir is highly influenced by its thermal stability (Gu and Chung 1998) .
To evaluate the effect of climate change on the fate of turbidity flows in the reservoir, several notable flood events that are projected to occur in 2027, 2040, and 2053-2054 were selected for scenario simulations. For the 2027 event, the maximum daily inflow rate (3135 m 3 s −1 ) was not projected to be higher than the historical extreme event in 2006; however, it was still selected for comparison with the 2040 event, i.e., the second largest extreme event. This is because the 2027 event is expected to occur during a different season, while its 3-day averaged inflow rates are similar to those of the 2040 event. The 3-day averaged inflow rates were 1880 m 3 s −1 and 2125 m 3 s −1 and were projected to occur in early July (summer) and mid-September (early autumn) in the 2027 and 2040 events, respectively. In general, an autumn turbidity flow event is more concerning for PT management in a stratified reservoir because the imminent turnover could result in the mixing of turbid water with clean ambient water. Therefore, the events of 2027 and 2040 were used to evaluate the effect of the season. The extreme flood event of 2054 was selected because it was the worst event and was projected to occur in two consecutive years (2053) (2054) . Figure S5 shows the temporal variations of reservoir elevations with inflow and outflow in response to extreme events. The 2053-2054 event was simulated until 2055 because the duration of high-turbidity water discharge to waters downstream persisted into the following year.
Fate and transport of turbidity flows in response to extreme events
The temporal and vertical variations of TSS concentration during the 2006 event are presented in Fig. 4a . It shows a rapid change in water surface elevation (y-axis) as a response to the extreme flood event that occurred in mid-July 2006. The strength of the thermal stratification was estimated using the Lake Analyzer (Read et al. 2011 ) based on a modified version of the Schmidt Stability Index (S t ), which is provided at the bottom of Fig. 4 , to show the temporal changes in S t in the reservoir. Stable thermal stratification had formed before the turbid water flowed into the reservoir (S t 4932 J m −2 ). However, although the S t was reduced temporarily (S t 2936 J m −2 ) when the turbidity density flow arrived, it soon recovered (S t 4749 J m −2 ). The turbid water tended to remain in the thermocline because of the influence of the strong thermal stratification. However, the SS spread to the surface layer and then to the entire reservoir as thermal stratification weakened from the beginning of October, causing long-term turbidity in the reservoir. The same profiles for the 2027 and 2040 events are presented in Fig. 4b , c, respectively. In the 2027 event, the turbid floodwater is projected to enter the reservoir in early July. However, the SS did not spread within the reservoir because of the strong thermal stratification (S t 3785 J m −2 ), which strengthened (S t 4746 J m −2 ) until the middle of summer. Subsequently, although the thermal stratification weakened, the PT problem did not occur in the surface layer because the SS gradually settled. Conversely, the extreme flood is projected to occur in the mid-September, when the stratification had already weakened (S t 2758 J m −2 ), in the 2040 event; thus, the turbid water was able to mix with the surface layer as the intensity of the thermal stratification weakened (S t 2491 J m −2 ). These results imply that PT management in the reservoir might be difficult when an extreme flood event occurs concurrently with the autumn turnover (Fischer et al. 1979) , which began when the S t dropped below approximately 2500 J m −2 . Therefore, the selective discharge of high-turbidity water from the reservoir should ideally be performed before the autumn turnover to avoid long-term PT problems. Figure 4d shows the temporal and vertical profiles of TSS during 2053-2055, when extreme flood events are projected to occur in two consecutive years (2053) (2054) . In the 2053 event, the flood is projected to occur on June 22, i.e., in early summer; thus, the pattern was similar to the 2006 event. On the other hand, although the stratification of the temperature was stable (S t 5240 J m −2 ) in 2054, when the flood is projected to occur on September 22, it weakened quickly as soon as the turbidity current arrived. A rapid spread of TSS in the vertical direction occurred during the autumn turnover period, as observed in the 2040 event. It was found that turbid water with a TSS concentration > 100 mg L −1 was sustained until 2055 because the high-turbidity water was mixed throughout the entire reservoir. In these scenarios, only the existing outlet structure (penstock) was used to discharge the water 3.4 Effectiveness of the selective withdrawal facility at controlling persistent turbidity Scenario analysis was performed to evaluate the effectiveness of the SWF at controlling PT. The simulation results for the SCW and UTD scenarios for the 2027 and 2040 events are presented in Table 1 . The effectiveness of the SWF was determined using the NDay value on which the TSS concentration of the daily averaged outflow exceeded the target TSS concentration of 25 mg L −1 and the percentage difference in NDay compared to the base scenario that assumed an SWF was not installed.
The SCW scenarios were effective in reducing the NDay value in the 2027 event; the SCW3 scenario with a change in the selective withdrawal layer according to the TSS profile had the minimum NDay value. As high-turbidity water flowed into the reservoir under stable thermal stratification, the turbidity plume was located temporarily in the thermocline before gradually settling to the bottom of the reservoir without mixing with the surface water. Therefore, it was effective in discharging the high-turbidity water through the penstock on priority when the extreme flood arrived and then at changing the withdrawal depth to the surface layer until the SS settled naturally.
The NDay values under the UTD scenarios were similar (UTD1 and UTD2) or much smaller (UTD3) compared to the SCW scenarios in the 2027 event. However, the aquatic ecosystem of waters downstream could become stressed by high TSS concentrations. Comparing the SCW2 scenario with the UTD2 scenario showed that the maximum periods for discharging turbid water were similar in both; however, the maximum TSS concentration under the latter was 15% higher than that under the former. Therefore, when an extreme flood occurs in early summer, the SCW method is a better management alternative for reducing both the NDay value and the outflow TSS concentrations.
The SCW scenarios generally reduced NDay values only marginally in the 2040 event, and the days on which violations occurred even increased under the SCW2 scenario. On the other hand, the UTD scenarios (UTD2 and UTD3) had much better performances and the violation period of the target TSS concentration was reduced adequately. This was because the extreme flood event was projected to occur in early autumn in the 2040 event; subsequent mixing caused by lake turnover increased the TSS concentration in the clear surface water. Therefore, the UTD method in which the reservoir operator quickly discharges high-turbidity water to waters downstream is more effective in reducing the NDay value when the extreme flood event occurs in late summer or early autumn. Additionally, the potential damage that highly turbid water could do to the downstream ecosystem should be considered carefully. When extreme flood events were projected to occur in two consecutive years (2053-2054), high-turbidity water was maintained for a long time within the reservoir and was not controlled by the SWF under any operational scenario. This is because the extreme flood event was projected to occur in 2054 before the extreme flood event of the previous year had been managed (data not shown). This indicates that the SWF is not a reliable alternative for PT control in the reservoir when reservoir water is entirely mixed with high-turbidity water during the most extreme flood events.
Conclusions
Assessing the risk to reservoir operations in terms of their response to changes in water quantity (Brekke et al. 2009; Matonse et al. 2013; Gosling and Arnell 2016) and quality (Lee et al. 2015; Weyhenmeyer et al. 2016; Chapra et al. 2017 ) issues predicted to occur due to climate change is very important for maintaining a sustainable water supply. Many studies over the world noted that the extreme flood events and subsequent persistent turbidity are major water quality problems for reservoirs that supply drinking water (Samal et al. 2013; Weiss et al. 2013; Li et al. 2014; Lee et al. 2016 ), but these issues have not been considered properly in reservoir operations. In this study, we used a suite of mathematical models to demonstrate that future climate change based on the RCP 4.5 scenario might aggravate the frequency and magnitude of the PT problem in the Soyanggang Reservoir. Notable extreme flood events with a maximum daily inflow rate greater than a historical maximum flood event observed in 2006 were projected to occur four times in this century. These events are projected to occur mainly in late summer and early autumn, which can be a disadvantage for water managers because turbid water mixes well with clean water located in the reservoir surface layer when the latter is vulnerable to thermal stratification.
In addition, we found that the SWF, which is one of the most widely applied structural countermeasures installed to control offtake water turbidity in stratified reservoirs, could be unsuccessful under future conditions in which extreme flood events are likely to occur. Diverse methods such as water level control (Wang et al. 2013) , enhanced settling using coagulants (Gelda et al. 2012) , withdrawal manipulation (Yajima et al. 2006; Gelda and Effler 2007; Chung et al. 2009 ), optimized releases of turbid water (Weiss et al. 2013) , and bypass of highturbidity waters (Mitsuzumi et al. 2009; Kondolf et al. 2014 ) have been applied to reduce the negative impact of the persistent turbidity on the reservoir operations. However, this study demonstrated that current reservoir management and operational practices, which rely heavily on the SWF, are highly likely to be inadequate to overcome the negative effects of extremeturbidity events on reliably maintaining safe water supplies.
The fate of turbidity flows in the stratified reservoir is highly influenced by the thermal stability of the reservoir and by the season in which the extreme flood event occurs. Highturbidity water remained within the thermocline of the reservoir under strong thermal stratification but mixed rapidly with the ambient reservoir water when thermal stratification was weak. Thus, decision makers should note the timing of flood events (i.e., imminence of turnover) and the thermal stability of a reservoir when considering how to mitigate turbidity within a reservoir. When thermal stratification of the reservoir is stable, the depth of the withdrawal layer should be changed according to the vertical profiles of TSS to minimize the number of days that violate the target TSS concentration. Conversely, when stratification is weak and the autumn turnover is imminent, high-turbidity water should be discharged selectively, as much as possible, to downstream waters. It is therefore essential to monitor and predict the fate and transport of turbidity flows in a timely manner, using real-time monitoring and modeling systems based on rapidly evolving data from sensors and other communication technologies.
Furthermore, since the fate and transport of turbidity flows induced in stratified reservoirs are directly affected by changes in reservoir water level, discharge layer, and quantity, there is a close relationship between flood control and turbidity flow control in terms of reservoir operation. Flood control should be a top priority for reservoir operators during extreme floods, but optimal flood control operations also require considerations of the fate of the turbidity flow. Otherwise, the reservoir will fill up with unsuitable turbid water after the flood event.
Traditionally, the SWF has been effective at controlling turbidity flows at the Soyanggang Reservoir; however, few studies have evaluated the effectiveness of SWF under future extreme flood conditions. This study found the SWF to be ineffective should such conditions occur in two consecutive years in the future; therefore, additional measures such as bypassing highturbidity water and enacting extensive soil conservation practices in the watershed are required to cope with future climate change.
The limitation of this study is that it used the output from one GCM (HadGEM2-AO), since it is the norm in climate change impact studies to employ outputs from multiple GCMs. However, we considered this choice to be appropriate given the purpose of this study, which was to examine the future risk to reservoir operation systems that handle extreme floods, rather making specific predictions. To analyze the uncertainty of the results, we plan to expand this study to use multiple GCMs and RCP scenarios in the future. Publisher's Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
